Frost and heat events can be challenging for sessile organisms that cannot escape thermal extremes. However, adverse effects of thermal stress on fitness may be reduced by pre-exposure to cold or heat, a process known as acclimation. To understand the ecological and evolutionary implications of acclimation, we investigated (1) the reduction in performance due to stress pre-exposure, (2) the magnitude of increased leaf resistance to subsequent stress, (3) the costs of acclimation and (4) the genes differing in expression due to stress pre-exposure. Plants of Arabidopsis lyrata were raised under three treatments of pre-exposure: bouts of frost, bouts of heat or constant temperature. Resistance of leaves to subsequent frost and heat stress was then measured by electrolyte leakage. RNA-seq analysis was performed to examine the genes differentially expressed between stress-pre-exposed and control plants. Pre-exposure to stress during growth decreased plant size and increased leaf resistance to subsequent stress independent of whether preexposure was to frost or heat. But the highest increase in leaf resistance to frost was found after pre-exposure to frost (as a trend) and in leaf resistance to heat after pre-exposure to heat. No evidence for costs of acclimation was detected. RNA-sequencing suggested that acclimation by frost and heat preexposure was caused by distinct mechanisms: modification of the chloroplast membrane and modification of the cell wall and membrane, respectively. Our results suggest that thermal resistance is a labile complex of traits, strongly affected by the previously experienced stress environment, with undetermined costs.
Introduction
Coping with temperature extremes represents an ecological challenge for many species, but especially for sessile organisms that have limited options for escape. Temperature extremes can cause adverse effects on metabolism, growth and development, with detrimental consequences for individual fitness (Larcher, 2003; Wahid et al., 2007; Thakur et al., 2010) . In many cases, negative effects of thermal stress are moderated by preexposure to cold or hot conditions, a process called acclimation (Levitt, 1980) . At the same time, temperature extremes seem to be an evolutionary challenge because many organisms have restricted climatic niches that are often greatly determined by temperature (Gaston, 2003) . This fact points to constraints in the evolution of acclimation. Causes of constraints may include different types of costs of acclimation, for example maintenance costs or genetic costs due to genetic nonindependence of the acclimation response (sensu DeWitt et al., 1998) . To fully understand the ecological and evolutionary implications of exposure to temperature extremes, the extent of acclimation, its costs and its genetic basis need to be understood.
Acclimation is a form of presumably adaptive phenotypic plasticity that helps organisms cope with stressful conditions (Levitt, 1980) . Exposure to suboptimal conditions triggers rapid and transient physiological modifications that enhance resistance to subsequent stress (Levitt, 1980) . As a form of adaptive plasticity, acclimation should evolve under environmental conditions that require a rapid response to predictable or unpredictable environmental challenges (Angilletta, 2009) . But acclimation may be costly, and this could limit its expression in spite of positive effects on fitness under stress (DeWitt et al., 1998) . DeWitt et al. listed five types of costs of plasticity, here introduced in the context of acclimation. Costs may arise from sensing environmental cues and maintaining the capacity to express acclimation. Production costs occur if protection achieved by induction is more costly than protection that is fixed or constitutive. Developmental instability may be connected with the plastic response, although DeWitt et al. (1998) considered such costs to be not generally relevant. Finally, intrinsic genetic costs (sensu van Kleunen & Fischer, 2005) may arise due to the nonindependence of genes responsible for the plastic response via linkage, pleiotropy or epistasis. Genetic costs would create negative relationships between the acclimation response and other performance traits relevant to fitness. The sum of all costs of acclimation can be analysed by selection gradient analysis, which tests whether a more plastic genotype has a lower fitness than a less plastic genotype with the same trait value (van Tienderen, 1991; DeWitt et al., 1998) .
Costs of acclimation to low or high temperature have been extensively studied in animals, especially in Drosophila species (Hoffmann et al., 2003) , but to a lesser extent in plants. These studies commonly quantify fitness costs and benefits between acclimated and nonacclimated genotypes, with the challenge of separating the cost of acclimation from performance under poorer conditions. Although evidence for fitness costs -that is reduction in fecundity after thermal acclimation -have been demonstrated in Drosophila (Hoffmann et al., 2003) , no decrease in fitness has been observed after cold acclimation in the plant species Arabidopsis thaliana (Zhen et al., 2011) . However, most studies that estimate costs of acclimation have not performed selection gradient analysis. A more detailed understanding of the wider implications of acclimation and potential constraints to its evolution may arise from understanding the physiological and genetic basis of the acclimation process. Such data could, for example, indicate connections between pathways that stand in antagonistic interaction and may limit the evolution of acclimation.
The cold acclimation process in plants has been reviewed earlier, with many insights gained from A. thaliana (Thomashow, 1999; Xin & Browse, 2000) . Acclimation by a cold period involves modifications in the structure and composition of the plasma membrane as revealed by microscopy and chromatography analysis (Ristic & Ashworth, 1993; Uemura et al., 1995) , in the content of soluble carbohydrates and other metabolites (Ristic & Ashworth, 1993; Kaplan et al., 2004) and in the level of antioxidant enzymes (O'Kane et al., 1996) . Cold exposure rapidly increases resistance to cold. The increase in resistance occurs within half a day at 4°C and reaches a plateau after about 2 days (Gilmour et al., 1988) . Another study on A. thaliana but with a cold temperature of 2°C reported the plateau after a 7-day period (Uemura et al., 1995) . Furthermore, changes in gene expression were observed during cold exposure within 12 h or less, with a transition in the up-or down-regulation of particular functional groups over the length of the exposure period, except for genes involved in stress response that remained consistently up-regulated (Hannah et al., 2005) .
Also, the process of heat acclimation in plants has been well described (e.g. Song et al., 2012) . Acclimation by heat treatment in A. thaliana and Brassica rapa involves an array of physiological changes. For instance, Falcone et al. (2004) reported a decrease in unsaturation of fatty acids in leaf membranes after a heat treatment, as determined by chromatography. Expression studies demonstrate that genes with the highest up-regulation include heat-shock proteins (HSPs), heat-shock transcription factors (HSFs) and other chaperones (e.g. Yang et al., 2006; Larkindale & Vierling, 2008) . Further up-regulated elements include antioxidant genes and genes involved in cell wall modification. Histochemical analyses show that cell wall thickness increases due to heat exposure in Brassica rapa (Yang et al., 2006) . As with cold treatment, heat treatment has been found to rapidly increase resistance to heat within less than half a day and reach a plateau (Yang et al., 2006) . Also, changes in gene expression patterns seem to depend on the specific thermal regime of heat pre-exposure (e.g. Larkindale & Vierling, 2008) , with some consistent and some labile transcriptional changes.
Studies also find overlap in expression patterns between very different stress treatments. For example, roots and shoots of A. thaliana overexpress the HSP20 and HSF gene families across several unrelated abiotic stress treatments (Swindell et al., 2007a) . This has been interpreted to reflect crosstalk between multiple stress response pathways, which might be coupled by shared downstream responses that act to coordinate cross-resistance.
The goal of our study was to investigate the acclimation response of plants exposed to frost and heat stress during growth. The specific questions addressed were as follows: (1) How does regular pre-exposure to frost or heat affect performance? (2) How does regular preexposure to frost or heat during growth affect leaf resistance to later frost and heat stress? (3) Are there costs of acclimation in leaf resistance to frost and heat? (4) Which genes are differentially expressed under regular frost and heat exposure during growth relative to control conditions? What are the treatment-specific differences and what are the shared differences? The study was conducted on the perennial plant Arabidopsis lyrata ssp. lyrata, a close relative of A. thaliana.
Materials and methods

Experimental design
Arabidopsis lyrata subsp. lyrata is a short-lived perennial plant of open habitats, such as sand dunes or rocky outcrops and ledges, in the north-eastern and midwestern United States and southern Ontario, Canada (Griffin & Willi, 2014; Paccard et al., 2016) . The plant produces basal rosettes and flowers in spring; one or several inflorescences produce many small white flowers. Because A. lyrata generally grows where grass and other herbaceous species are not very dense, it is directly exposed to variation in air and substrate temperature.
Initial plant rearing
Seeds of A. lyrata were collected in June 2010, over an area of 2.5 ha at Saugatuck Dunes State Park, Lake Michigan, USA (42°42 0 N, 86°12 0 W). Progeny array analysis on this population had revealed that it was predominantly outcrossing (Willi & M€ a€ att€ anen, 2010 (Willi & M€ a€ att€ anen, , 2011 . The experimental design included 40 maternal seed families, each reared with three replicates under three treatments of pre-exposure to stress (N = 40 families 9 3 treatments 9 3 replicates = 360 tubs/plants). Plants were arranged in a randomized block design, with three blocks and three replicates of each family within each block, one for each pre-exposure treatment. Cylindrical tubs (7 cm diameter, 5 cm depth) were filled with a 1 : 1 ratio of peat : sand, and two seeds per tub were sown. Tubs with seeds of a seed family were arranged in random positions within block. After a stratification period of 1 week at 4°C in darkness under wet conditions, plants were transferred to a growth chamber (Grobank, CLF, Wertingen, Germany) with short-day conditions (8-h : 16-h Treatments of pre-exposure to stress
Treatments started 30 days after the end of stratification, when plants were in the four-leaf stage.
Treatments were applied for 3 weeks, on three subsequent days in each week. The three treatments were as follows: temperature decline to À3°C for 1 h per round in the early morning, temperature increase to 47°C for 1 h per round at midday and the control at constant temperature. The low temperature was chosen to reflect short frost events during early morning in late spring, and the high temperature was chosen to reflect short heat events at the exposed soil surface where A. lyrata naturally occurs in early afternoon during summer. Short exposure to these temperatures is neither lethal nor causes visible damage to leaves, but these temperatures are known to cause reductions in plant size (see Results). All tubs of a stress treatment were moved into a separate growth chamber, and the temperature was changed in intervals of 1 h at the ramping rate of 0.5°C per minute. For frost exposure, temperatures were set to 0, À3, 0°C during night-time, and treatment finished 1 h before the lights turned on. 
Components of fitness
We used rosette size and flower production to represent plant fitness. Rosette size reflected performance right at the end of treatments of stress pre-exposure. Asymptotic rosette size at the end of the growth period was estimated by fitting a logistic growth model to repeated measurements of plant size of each plant (Wos & Willi, 2015) . We defined rosette size as the average of the length of the two longest leaves (in mm), measured from photographs of entire holding trays taken once a week for 5 weeks starting when plants were 3 weeks old. The two-parameter logistic growth model was the best-supported model out of seven that we compared: linear, exponential, power function, two-parameter logistic, three-parameter logistic, Gompertz and von Bertalanffy. The two parameters of the two-parameter logistic growth model represent asymptotic rosette size (in mm) and the rate of exponential growth. Parameter estimates for one plant were > 5 SD away from the mean, and for another plant, parameters could not be estimated because of very slow growth; instead, the mean length of the two longest leaves on the last round of photography was used as the estimate of rosette size and a missing value was entered for growth rate (Table S1 ). The second fitness component was flower production. Flowering started 1 month after the last round of stress treatment. Flower production was the sum of flowers and flower buds produced by each plant over a period of 4 weeks after it began flowering; at this point, the number of new flowers was in decline for most plants. Of the 348 plants that were initially in the experiment, 288 produced flowers. Flower production may be more strongly linked to fitness and it was therefore used to test for costs of plasticity, but it may also be more strongly influenced by compensatory processes during the weeks between the end of the treatments of preexposure to stress and the onset of flowering.
Leaf resistance to subsequent frost and heat
Leaf resistance was estimated by measuring per cent electrolyte leakage (PEL) when plants were fully grown at about 7 weeks of age. Electrolyte leakage after the exposure to extreme temperatures provides estimates of cell membrane stability under these conditions (Cornelissen et al., 2003) . For each plant, three 6-mm-diameter discs were excised from the fifth rosette leaf. Each disc was gently rinsed in deionized water to remove electrolytes from the surface and then dried on a tissue. Next, we exposed each disc to one of three treatments: (1) control: incubation of the disc in a plastic tube at 20°C for 1 h; (2) frost stress: incubation at À14°C for 1 h; and (3) heat stress: incubation at 47°C for 1 h. Stress temperatures were chosen to achieve approximately 50% electrolyte leakage so as to ensure adequate scope for variation in the response, and because this level is analogous to the LT 50 , the temperature where 50% damage occurs (e.g. Gilmour et al., 1988; Thalhammer et al., 2014a) . The test temperature for heat resistance turned out to be the same as the peak heat stress temperature during growth, whereas for frost resistance the test temperature was lower than the peak frost stress temperature during growth. After incubation, we measured initial conductivity (conductivity meter FiveEasy FE30, Mettler Toledo, Columbus, OH, USA). We then placed the tubes in a boiling bath for 30 min and measured conductivity a second time, assuming that the conductivity after boiling represents complete electrolyte leakage. We measured PEL as the ratio of the conductivity before boiling to that after the boiling bath, in per cent (Cornelissen et al., 2003) . A previous study showed that biological replicates of a second leaf per plant had similar PEL values (N = 64 plants, r frost stress = 0.96, r heat stress = 0.87; Wos & Willi, 2015) . For each plant, leaf resistance to frost or heat was calculated as PEL of the control disc minus PEL of the disc exposed to frost or heat, so that a low value corresponded to low resistance. Leaf resistance was assessed on 342 plants (Table S1 ). Acclimation was inferred if pre-exposure to stress had a positive effect on leaf resistance to subsequent stress. We quantified acclimation as the difference in leaf resistance to frost or heat between stress-pre-exposed plants and control plants (for details, see 'Statistical analysis' section).
Statistical analysis
Effect of pre-exposure to stress on fitness components and leaf resistance to subsequent stress Hierarchical mixed model analysis was used for testing the effect of stress pre-exposure treatment on the dependent variables of rosette size, growth rate, flower production (once as a binary variable, and once with data > 0) and leaf resistance (PROC GLIMMIX; SAS Institute, 2012). Models on size, growth rate and flower production had the random effects of plant nested within maternal family (i.e. the residual; level 1) and maternal family (level 2). These were considered random effects because seeds and seed families were selected haphazardly. Fixed effects were the treatment of pre-exposure to stress (predictor on the level of the plant) and block. Block was a fixed effect because there were only three levels. The model on leaf resistance had the random effects of leaf disc pair (on which leaf resistance was measured) nested within plant and maternal family (level 1), plant nested within maternal family (level 2) and maternal family (level 3). Fixed effects were leaf disc stress treatment (on the level of the plant), treatment of pre-exposure to stress (on the level of the plant) and block. We tested fixed effects using type III sums of squares. A simple diagonal covariance structure for random effects was assumed (SAS Institute, 2012) . Rosette size, growth rate and leaf resistance were assumed to have a Gaussian distribution, and the number of flowers (values > 0) produced a Poisson distribution. Accordingly, the estimation technique for these models was restricted maximum likelihood. Flower production had a binary distribution (no or yes), and the estimation technique was restricted pseudo-likelihood. QQ-plots confirmed that residuals were well behaved (with the exception of a skewed distribution for the binary variable of flower production). The SAS code is provided in the electronic Supplementary materials.
Costs of acclimation
Costs of acclimation were estimated by selection gradient analysis, where residual fitness -after accounting for resistance in the same environment -should show a negative relationship with the acclimation response if there are significant costs (van Tienderen, 1991; DeWitt et al., 1998) . We calculated family means, separately for the three treatments of pre-exposure to stress, for asymptotic rosette size, flower production, leaf resistance to subsequent frost and leaf resistance to subsequent heat. Relative fitness was the family mean fitness component divided by the grand mean for that treatment. Acclimation (plasticity) was calculated as family mean leaf resistance to frost under pre-exposure to frost minus family mean leaf resistance to frost under no stress pre-exposure. The analogous calculation was made for leaf resistance to heat. In a pre-analysis, relationships between plasticity and trait in the pre-exposure environment and non-pre-exposure environment were performed by Pearson correlation analysis. Next, we performed multiple regressions of relative fitness under pre-exposure to frost (or heat) against two explanatory variables: leaf resistance to subsequent frost (or heat) after pre-exposure to frost (or heat) and acclimation in leaf resistance to frost (or heat) (DeWitt et al., 1998) . Explanatory variables were standardized (mean = 0, SD = 1). Type I sums of squares statistics were used with leaf resistance regressed first and acclimation in leaf resistance second; the latter variable was therefore regressed against residual relative performance (DeWitt et al., 1998) . The analysis was repeated for the control environment because costs could also appear under benign conditions.
Finally, genetic associations among resistances under all treatments of pre-exposure to stress were examined using correlation analysis on family means.
Transcriptome analysis
RNA extraction
We sampled leaves for gene expression analysis at the end of the 3-week stress treatment, to investigate longer-term effects on gene expression. Transcriptome analysis was performed on 16 randomly chosen maternal families in the first block (16 maternal families 9 3 treatments = 48 individuals). Collecting and freezing leaves was carried out in the morning after the last round of stress treatment (3 h after the last of nine frost exposures and 20 h after the last of nine heat exposures). This was 2 h after the lights turned on and just before PEL measurements were taken. The seventh rosette leaf was collected and immediately snap-frozen in liquid nitrogen. The work was accomplished within 0.5 h. Total RNA was extracted using the RNeasy Mini Kit protocol including the DNase treatment step with the RNase-Free DNase Set according to the manufacturer's instructions (Qiagen AG, Hombrechtikon, Switzerland). We checked the purity and quantity of RNA with a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
Library construction and sequencing
RNA integrity was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). cDNA libraries for each plant were prepared according to the instructions of the Illumina TruSeq Stranded mRNA Sample Preparation Kit (Illumina Catalog # RS-122-2101). Specific TruSeq adapters were ligated on the cDNA for each library for individual sequencing. Sequencing was performed on an Illumina NextSeq TM 500 platform (Illumina, San Diego, CA, USA). The 48 plants were sequenced on two lanes (2 9 24) using 75-bp single-end reads. Adapters with barcodes were removed, and raw data were filtered to remove lowquality reads. The data are available in EMBL Sequence Read Archive (http://www.ebi.ac.uk/ena) under the accession PRJEB13660.
Data processing and sequence alignment
Sequencing generated 590 and 580 million quality-filtered reads for the two lanes, respectively. Quality of each library was further checked using the software FASTQC (http://www.bioinformatics.babraham.ac.uk/ projects/fastqc/). FASTQC reported for each library between 19.1 and 30.9 million reads per plant and an overrepresentation of one sequence, which was the TruSeq adapter. The adapter was then trimmed using the software CUTADAPT (Martin, 2011) and reads for each individual were aligned on the A. lyrata reference genome (Hu et al., 2011) with the version-2 annotation (Rawat et al., 2015) using the TOPHAT v2.1.0 software (Trapnell et al., 2012) . We kept only the uniquely mapped reads (70%-75% of the total number of reads).
Gene expression analysis
To compare gene expression after pre-exposure to frost and heat during growth relative to constant control conditions, the number of reads mapped on each gene was counted with HTSEQ-COUNT v0.6.1p2 (Anders et al., 2015) using the 'union' mode. Read counts were analysed by a generalized linear model using the EDGER v3.12.0 package (Robinson et al., 2010) in program R (R Core Team, 2013) . We scaled the library size with the 'calcNormFactors' function and estimated dispersion using the 'estimateGLMCommonDisp' and 'estimateGLMTagwiseDisp' functions. The model tested for the effect of stress treatment and the factor of maternal line and was run twice, for the pre-exposure to frost and heat separately. P values were adjusted for multiple testing with the Benjamini and Hochberg false discovery rate correction (FDR). Genes with FDR < 0.05 were considered as differentially expressed. The overlap in gene expression changes between the two treatments of pre-exposure to stress was done by selecting the significant genes with the same sign of change between treatments.
Gene Ontology analysis
We used the A. thaliana annotation for the Gene Ontology (GO) analysis. Names of homologous A. thaliana genes were looked up in the A. lyrata version-2 annotation database. Gene description was obtained from The Arabidopsis Information Resource (TAIR) (Berardini et al., 2015) . Gene Ontology term enrichment analysis was performed with BINGO v3.0.3 in CYTOSCAPE v3.3.0 (Maere et al., 2005) . Gene Ontology terms were considered significantly enriched if the FDR-adjusted P value was < 0.05.
Results
Effect of pre-exposure to stress on fitness components and leaf resistance to subsequent stress Asymptotic rosette size, but not the exponential growth parameter and flower production, was significantly affected by stress treatment during growth; for asymptotic rosette size, contrasts showed that both pre-exposure to frost and heat decreased plant size relative to control conditions (Table S2 ). Regular bouts of frost and heat exposure led to smaller plant size (least squares means, LSM AE standard error, SE of control: 49.27 AE 0.68 mm, frost: 42.26 AE 0.68 mm, heat: 41.57 AE 0.68 mm), with the chosen temperatures for frost and heat having similar effect sizes. Furthermore, all fitness components, but not the binary variable of flower production, were affected by a significant block effect.
Pre-exposure to stress strongly affected leaf resistance to subsequent stress (Table 1; Fig. 1 ). Leaf resistance was significantly enhanced after both pre-exposure to frost and heat compared to control plants, and leaf resistance to frost tended to be higher after pre-exposure to frost compared to pre-exposure to heat. Likewise, leaf resistance to heat was significantly higher after pre-exposure to heat compared to pre-exposure to frost. Block had a significant effect on leaf resistance, but this effect was weaker than the ones of stress pre-exposure treatment, subsequent exposure to frost or heat and their interaction term. Results indicated that stress pre-exposure generally triggered resistance, but higher resistance was achieved when stress during growth corresponded to the stress temperature perceived later.
Costs of acclimation
Acclimation, the plastic response in leaf resistance to frost and heat induced by prior exposure to frost and heat, varied considerably (Fig. 2) . Acclimation in leaf resistance to frost was related positively to leaf resistance to frost after pre-exposure to frost (N = 40, r = 0.40, P = 0.0109) and negatively with leaf resistance to frost under control conditions (r = À0.57, P = 0.0001). Similarly, acclimation in leaf resistance to heat was positively related to leaf resistance to heat after pre-exposure to heat (r = 0.45, P = 0.0040) and negatively with leaf resistance to heat under control conditions (r = À0.93, P < 0.0001). This is a consequence -but not a necessary consequence -of the way acclimation is calculated: the difference in resistance after stress pre-exposure minus resistance under control conditions.
If genotypic costs are associated with acclimation, maternal families with a higher difference in leaf resistance between prestress and control conditions should have a lower plant size or reduced flower production, after accounting for leaf resistance in the environment in which fitness was assessed. There were no significant negative relationships between fitness components (plant size or flower production) in the treatment of pre-exposure to frost and acclimation in leaf resistance to frost, when the model also contained leaf resistance to frost in the treatment of pre-exposure to frost as the first explanatory variable (for asymptotic rosette size: slope b AE SE: 0.001 AE 0.016; Table S3 ; Fig. S1 ). Also, there were no significant negative relationships between fitness components in the treatment of preexposure to heat and acclimation in leaf resistance to heat, when the model also contained leaf resistance to heat in the treatment of pre-exposure to heat as the first explanatory variable (b: 0.016 AE 0.015; Table S3 , Fig. S1 ). Furthermore, there was no significant negative relationship between fitness components in the benign environment (no pre-exposure to stress) and acclimation in leaf resistance to frost (b: À0.004 AE 0.019) and leaf resistance to heat (b: À0.063 AE 0.044; Table S3 , Fig. S1 ). The most plastic families did not exhibit higher costs in terms of a reduction in rosette size or number of flowers in any environment, indicating no significant costs of acclimation.
Correlation analysis suggested that the genetic basis of leaf resistance to frost and heat -to the extent that it was variable within the population -was strongly dependent on stress pre-exposure during growth (Table 2) . Of the 15 correlations involving leaf resistance to frost and heat assessed in the three preexposure environments (6 variables), only three were significant and these always involved leaf resistance under control conditions: There were significant positive correlations between leaf resistance to frost under no stress pre-exposure and under stress pre-exposure, both for pre-exposure to frost and heat. The third positive correlation was between leaf resistance to heat under constant temperature during growth and leaf resistance to frost under pre-exposure to frost. This reflects some common basis to genetic variation in Table 1 Results of hierarchical mixed model analysis testing the effect of block, stress treatment during growth (pre-exposure: bouts of frost, heat or control), subsequent stress treatment to leaf disc (frost or heat) and their interaction on leaf resistance in Arabidopsis lyrata (N = 684). baseline resistance and stress-induced resistance. However, there were no significant correlations between leaf resistances to frost of the two pre-exposure treatments of frost and heat, and between leaf resistances to heat of the two pre-exposure treatments of frost and heat. These results indicate that stress pre-exposure had a crucial impact in what genes determine leaf resistance to the same subsequent stress factor. Even within stressful pre-exposure treatments during growth, leaf resistances to different subsequent stress -frost and heat -had a different genetic basis. Again, these conclusions apply to that part of genetic basis for which there is variation within our population.
Transcriptome analysis
We detected 329 differentially expressed genes (DEGs) after pre-exposure to frost compared to control conditions (Table S4 ) and 1570 DEGs after pre-exposure to heat (Table S5 ). Of these, 117 DEGs overlapped between stress treatments. Some DEGs found in this study had no homologue in A. thaliana: these were 73 DEGs for the frost treatment and 188 DEGs for the heat treatment. They were excluded from the Gene Ontology (GO) enrichment analysis. Fig. 1 The effect of pre-exposure to stress during growth: frost, heat and control, on leaf resistance to subsequent frost (a) and heat (b) based on electrolyte leakage. Symbols (filled for leaf resistance to frost, open for leaf resistance to heat) depict means of family means, and two-sided bars represent twice the standard error, which represents the 95% confidence interval. The dashed lines with P values represent the contrasts performed, the lower ones between control plants vs. those exposed to pre-exposure to stress and the upper ones between the two treatments of pre-exposure to frost and heat. Sample size was 40 maternal families. Pearson correlation coefficients are given and significance is indicated: *P < 0.05, **P < 0.01, ***P < 0.001. When the alpha-value for multiple testing was adjusted (0.05/15 = 0.0033), only the three largest correlations remained significant (in bold).
Specific response to pre-exposure to frost
Among the 212 DEGs specific to the frost treatment, 156 DEGs had Gene Ontology (GO) annotations. Enrichment analysis returned five GO terms, all associated with biological processes ( Fig. 3a ; Table S6 ). A total of 13 genes were related to 'response to temperature stimulus' and eight of them were cold-responsive genes. Of those, six were up-regulated and included: DWARD AND DELAY FLOWERING 1 (DDF1, of the DREB family); GALACTINOL SYNTHASE 3, involved in the synthesis of osmoprotectants and thylakoid membrane protection; GERMIN 3; CHILLING SENSITIVE 1; and two cold-regulated (COR) genes: COR413 INNER MEMBRANE I and COR15b. The latter three genes are involved in the protection of the chloroplast membrane. Two coldresponsive genes were down-regulated and associated with detoxification of carbonyl compounds (ALDO-KETO REDUCTASE) and seedling freezing resistance (OLEOSIN 3). The five remaining genes from the 'response to temperature stimulus' category were downregulated heat-shock proteins (HSPs) associated with 'response to heat'. No heat-responsive genes were found to be up-regulated after frost treatment (Table S7a) .
Specific response to pre-exposure to heat
Among the 1453 DEGs specific to the heat treatment, 1236 DEGs had GO annotation. Within the category of biological processes, 33 GO terms were enriched and could be divided into three groups: 'response to abiotic stimulus', 'response to chemical stimulus' and 'response to biotic stimulus' (Fig. 3b , Table S6 ). Seven enriched GO terms were in 'molecular function' and six in 'cellular component'. Of the 105 DEGs related to 'response to abiotic stimulus', 38 were associated with 'response to heat'. Of these, 33 genes were up-regulated, including 21 HSPs, of which 13 HSPs belonged to the small HSP20 gene family. Additionally, the category of 'response to abiotic stimulus' included 18 differentially expressed cold-responsive genes; eight of them were down-regulated and 10 up-regulated (Table S7b) . A higher number of 146 DEGs of the heat treatment depicted by the enriched GO term analysis were associated with 'response to chemical stimulus', represented by the 'response to oxidative stress' and 'response to organic substance'. In the category of 'cellular component', five of the six GO terms were associated with locations outside of the plasma membrane. Most notably, 62 DEGs were linked to 'cell wall'. Among those, 19 genes were cell wall-modifying enzymes, of which 14 were up-regulated: nine genes encoding xyloglucan endotransglucosylase/hydrolase (XTH) enzymes, one beta-xylosidase, one expansin, one xylanase, one alpha-galactosidase and one beta-galactosidase. Five genes were down-regulated, encoding two expansins, two pectin methylesterases and one chitinase. The XTH enzymes have a xyloglucan or a hydrolase activity and contributed to enriched GO terms in the category of 'molecular function': 'xyloglucan:xyloglucosyl activity', 'hydrolase activity, acting on glycosyl bonds' and 'hydrolase activity, hydrolysing O-glycosyl compounds'.
Nonspecific response to frost and heat
Among the 117 overlapping DEGs, 91 DEGs had GO annotation. Enrichment analysis revealed two GO terms within biological processes and one GO term each within 'molecular function' and within 'cellular component' (Table S6 ). None of them was associated with a category of response to stress; rather, they were part of general pathways related to photosynthetic activity. Within the category of 'biological process', five genes were associated with 'photosynthesis', four were up-regulated after both frost and heat treatment. Three of these genes belonged to the light-harvesting chlorophyll a/b-binding family, encoding components of the photosynthetic antenna, and one gene encoded a PsbP-like protein, part of the photosystem II. The down-regulated gene encoded a glucose-6-phosphate/ phosphate transporter.
Discussion
Acclimation in leaf resistance to frost and heat
We found that short bouts of frost or heat during growth increased leaf resistance to both frost and heat stress (Fig. 1) . Pre-exposure to frost increased leaf resistance to subsequent frost and pre-exposure to heat increased leaf resistance to subsequent heat, but there was also evidence for induced cross-protection. Leaf resistance to heat also increased after pre-exposure to frost and leaf resistance to frost increased also after preexposure to heat, although neither response was as large as direct acclimation. Our results on acclimation agree with previous work showing that many plants, including A. thaliana and some crop species (e.g. Chen et al., 1982; Gilmour et al., 1988; Uemura et al., 1995) , 'harden' in response to low or high temperature (Levitt, 1980) . As far as we are aware, however, induced crossresistance has not been reported for frost and heat stress. Induced cross-resistance (defined as crosstolerance by Sabehat et al. (1998a) ) is recognized when exposure to one stressor enhances resistance to more than one stressor. This has been demonstrated for abiotic stresses in plants, such as when water stress improves resistance to cold stress (examples in Sabehat et al., 1998a) . In our study, induced cross-resistance might suggest that expression changes in the same genes are responsible for the increases in resistance against both subsequent frost and heat. However, genotypic correlation analysis did not support this idea; leaf resistance to frost and heat in the same pre-exposure treatment was not significantly correlated (Table 2 ). This indicates that the (a) Specific to pre-exposure to frost (b) Specific to pre-exposure to heat Fig. 3 Enriched GO terms for the differentially expressed genes (DEGs) after pre-exposure to stress during growth compared to control conditions. Only the DEGs specific to pre-exposure to frost (a) and specific to pre-exposure to heat (b) were used in the analysis. The GO term enrichment analysis was performed with BiNGO (Maere et al., 2005) . GO terms were considered as significantly enriched if FDRadjusted P value < 0.05. White nodes indicate GO terms not significantly enriched, and coloured nodes indicate significantly enriched GO terms according to the colour bar. The node areas reflect the relative number of genes associated with each GO term. Additional information can be found in Table S6 .
genetic basis of acclimation -at least that which is variable within populations -is appreciably dependent on pre-exposure to stress. The transcriptome analysis supported this interpretation because it detected little overlap in gene expression between treatments of pre-exposure to stress, and grouping these genes by ontology terms revealed no obvious association with stress factors (Table S6 ). This result stands in contrast to those of previous studies which reported that certain signalling proteins are ubiquitous and induced by biotic and abiotic stimuli, such as antioxidants and small HSPs (Sabehat et al., 1998b; Swindell et al., 2007a; Perez & Brown, 2014) . Such genes could potentially be involved in a form of induced cross-protection. However, none of the up-or down-regulated genes that were shared between our frost and heat treatments of pre-exposure to stress coded for antioxidants or small HSPs. Genes within these two groups were induced only after heat acclimation.
Alternatively, induced cross-resistance might be caused by both kinds of pre-exposure stress triggering expression changes in distinctive sets of frost-and heatresponsive genes. Also here, the transcriptome study offered mixed evidence. Heat-responsive genes differentially expressed after frost pre-exposure were all downregulated (Table S7a) . But 10 of 18 cold-responsive genes differentially expressed after heat pre-exposure were up-regulated (Table S7b) . These genes could be involved in induced cross-resistance triggered by heat pre-exposure: that is a chloroplast HSP70 gene, a cell wall gene belonging to the xyloglucan endotransglucosylase/hydrolase (XTH) family and the gene encoding galactinol synthase 1. Overall, phenotypic results and results on expression differences emphasize the highly labile genetic basis of induced leaf resistance to frost and heat depending on treatments of pre-exposure to stress.
Costs of acclimation
Acclimation -the improvement in resistance to stress between pre-exposed plants and naive plants -helps plants cope with stressful conditions experienced later, but its evolution may be constrained by costs. We detected no significant costs of acclimation. It is possible that selection gradient analysis failed because the explanatory variables, trait and plasticity in the trait, were correlated. Collinearity among the two independent variables can produce a two-fold problem for the detection of costs (Auld et al., 2010) . First, if both variables are also correlated with fitness, the standard error of the selection coefficient can become large. Second, if only one variable is truly associated with fitness, collinearity can lead to biased estimates of the selection coefficient. The situation of collinearity is common because of the way plasticity is calculated as a difference between trait values across environments (e.g. Fig. 2 ). However, it is also plausible that acclimation costs are in fact low. Reviews by van Kleunen & Fischer (2005) and Van Buskirk & Steiner (2009) concluded that costs of plasticity are frequently weak, although there was some indication that costs increase under more stressful conditions. These reviews also showed that the choice of fitness component -whether size or another component closer to fitness -had no significant impact on detecting costs of plasticity (Van Buskirk & Steiner, 2009) .
Insights on how plants sense cold and heat also imply that costs of acclimation should be low. Both cold and heat are sensed by membranes and their change in fluidity, by proteins via changes in conformation, by the cytoskeleton via disassembly and by metabolic reactions via their temperature sensitivity (Ruelland & Zachowski, 2010) . These changes have downstream effects on inducing responses. Hence, the machinery is mainly already present because of the many other functions of these cellular components, and costs are possibly truly small. This leaves us with two further avenues for understanding constraints to acclimation: the study of limits of plasticity and the phenotype-environment mismatch if the environment changes again (DeWitt et al., 1998; Auld et al., 2010) .
Transcriptome analysis
By comparing transcriptome profiles of stress-preexposed and control plants, we detected a large fraction of differentially expressed genes that were specific to either the frost or the heat stress treatment. Our focus here is on two kinds of genes: those of enriched Gene Ontology terms that are most likely involved in acclimation responses and those that have been linked to membrane stability under stress. Membrane stability is especially relevant to our study because this is what we assessed with the PEL-based measure of resistance.
Specific response to pre-exposure to frost
Protection and stabilization of membranes, both plasma and organelle, against freezing-induced lesions has been considered as one of the primary roles of cold acclimation (Thomashow, 1999; Xin & Browse, 2000) . Here, protection seemed to have been highly specific to the chloroplast membrane since no genes related to other membranes were found. Of the six cold-responsive genes that were up-regulated after frost acclimation, four were mainly related to chloroplast membrane protection: the two COR genes COR413 INNER MEMBRANE I (Okawa et al., 2008) and COR15b (Thalhammer et al., 2014b) , CHILLING SENSITIVE 1 (Zbierzak et al., 2013) and probably GALACTINOL SYNTHASE 3 (Taji et al., 2002) . Apart from the two cold-regulated COR genes, we also found up-regulation of a CBF/DREB transcription factor. Expression of COR genes and CBF/DREB factors are known to enhance freezing resistance and to impede growth and reproductive output in A. thaliana (Zhen et al., 2011; Thalhammer et al., 2014b) . This agrees with our phenotypic observations of reduced plant size due to stress treatment.
Specific response to pre-exposure to heat
Membrane adjustments and cell wall modifications can contribute to heat acclimation (e.g. Falcone et al., 2004; Yang et al., 2006) . Among the abiotic-stimuli-responsive genes that were differentially expressed in our study, the category of heat-responsive elements was represented by many genes encoding heat-shock proteins (HSPs). Notably, 13 of the 21 up-regulated HSPs belonged to the small HSP20 gene family. The primary role of HSPs is to counteract protein denaturation under stress, but they can also act as lipid chaperones, regulate membrane fluidity and act against oxidative stress (reviewed in: Wang et al., 2004; Yang et al., 2006) . Genes of the small HSP group have been found to mediate thylakoid membrane fluidity in cyanobacteria, which helps maintain the integrity and organization of the membrane (Balogi et al., 2005) . We also identified a total of 19 DEGs related to cell wall modifications. Most of the differentially expressed genes were part of the XYLOGLUCAN ENDOTRANSGLYCOSYLASES/ HYDROLASES (XTHs) gene family. In Brassica rapa, heat acclimation leads to up-regulated expression of many genes encoding cell wall proteins or enzymes, especially enzymes related to XTHs, and to the strengthening of the cell wall; histological analysis on hypocotyls of B. rapa seedlings confirmed that the cell wall thickens after heat exposure. (Yang et al., 2006) .
Nonspecific response to heat and frost
Relatively few differentially expressed genes overlapped between frost and heat stress treatment; those that did overlap were related to photosynthetic activity that may impact plant performance during acclimation. As already pointed out above, results stand in contrast with, for example, those of Swindell et al. (2007b) , who found high overlap in gene expression responses to cold (4°C) and heat (38°C) in A. thaliana. That study compared the genes that were differentially expressed after cold and heat stress with those whose expression was correlated with mean annual temperature of the site of origin of plant material. Swindell et al. found that around 90% of genes with clinal expression were also involved in a plastic response to temperature and were considered candidates for adaptive phenotypic plasticity. None of Swindell et al.'s candidate genes were significant in our study. The lack of overlap between studies may indicate a difference in the genetic basis of acclimation between A. thaliana and the population of A. lyrata that we studied, but it could also arise from differences in acclimation protocol or sample preparation, to which gene expression can be sensitive.
Conclusion
Indirect evidence for constraints on thermal adaptation is ubiquitous. For example, the geographic distributions of many species are limited by temperature. Our results illustrate a number of important facets of the thermal acclimation response in plants. First, regular pre-exposure to short bouts of frost or heat negatively impacts plant size, but it improves leaf resistance to later frost and heat stress. Second, stress pre-exposure induces cross-resistance for different types of thermal stress, but acclimation works best when the suboptimal pre-exposure temperature resembles the later stress temperature. Third, costs of acclimation seem small and undetectable, and the genetic basis of the acclimation response is highly labile: neither leaf resistance to frost and leaf resistance to heat within stressful pretreatments were related with each other nor was the same type of leaf resistance related across stressful pretreatments. Fourth, we found that acclimation-induced resistance in cell leakiness likely involves genes affecting the chloroplast membrane for cold acclimation and genes affecting membranes and the cell wall for heat acclimation.
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